ABSTRACT A common problem experienced by micro-electro-mechanical system (MEMS) initiators is unintentional triggering in a transient high-pulse environment owing to low ignition energy. Herein, therefore, combining the size effect of the Paschen's law with a modified semi-empirical formula of the secondary electron emission coefficient, a theoretical calculation was carried out to improve the electrostatic grooming structures. It was found that the size effect of the Paschen's law is owing to the distance-dependent process dominance of the Thomson discharge process and the field-induced electron emission process. A microscale breakdown model was, thus, proposed based on field-induced electron emission and the secondary electron emission coefficient. The structural simulations and the optimization of various materials were carried out using the multiphysics field simulation software (i.e., COMSOL), and an electrostatic grooming device was subsequently fabricated. During experimental testing, the transient voltage of an electrostatic grooming device with a 1 µm-wide comb gap could be groomed over 130 V. Furthermore, the model was in good agreement with the experimental results in the range of less than 2 µm and more than 9 µm. In the optimum range of 2-9 µm, the result of the test differed from the model by less than 15%. The model, therefore, possesses excellent adaptability in this scale range and can be used to greatly improve the antistatic characteristics of initiators.
I. INTRODUCTION
The initiator of a micro-electro-mechanical system (MEMS) device possesses a low ignition energy, and thus its electrostatic protection has become a technical problem that must be solved in the MEMS fuse. Over the years, institutions have carried out a great deal of research work in this field. Electrostatic protection mainly prevents an initiator footfoot or foot-shell electrostatic discharge that would result in an accidental trigger of the initiator [1] . The main technical methods for electrostatic protection have been increasing the cross-sectional area of the initiators and changing the physical characteristics, such as by forming ignition bridges with doped semiconductor materials [2] - [4] . In many electrostatic
The associate editor coordinating the review of this manuscript and approving it for publication was Zhixiong Peter Li. protection measures, a transient-voltage-suppression (TVS) diode is used to absorb transient energy. In this function, the TVS effectively absorbs the electrostatic energy and releases a large amount of current instantaneously, thus enabling energy channeling [5] - [9] . During electrostatic protection, the internal P-N junction is in a reverse bias state. In a certain voltage range, at the end of the P-N junction a small leakage current flows through TVS, which exhibits a high impedance state. The internal electric field of the P-N junction is very strong, and when the reverse voltage is higher than the reverse breakdown voltage of the P-N junction, a few carriers are subjected to this strong electric field. In this way a large amount of energy is obtained by the carriers, which collide with other atoms to form new electron-hole pairs. As the carrier number increases, more carriers can collide to form more electrons under the action of this strong electric field, and the electron-hole pairs will cause a chain reaction resulting in a rapid increase of the reverse current. Under these conditions, the TVS exhibits a low impedance state and absorbs a large amount of the pulse power. The voltage clamp between the two poles is placed at a predetermined value and, using the avalanche breakdown characteristic of the TVS, electrostatic discharge protection can be realized. However, owing to the impedance and fabrication problems of the TVS tube itself, its energy absorption performance is limited [7] , [10] - [14] .
In this paper, a novel MEMS electrostatic grooming structure based on the size effect of Paschen's law is proposed. Adopting the design idea of hydrophobic electrostatic charge structures and using MEMS technology to design the micro-discharge electrode apparatus, we attempt to design a structure that can reliably break down at a lower voltage threshold and release the static charge that accumulates between the initiator pins or the pin and the TVS tube and shell. This can effectively groom any static electricity, radio frequency or other adverse environmental stimuli and thus increase the initiator protection. Further, through parameterization and serialization it is possible to design and improve the electrostatic characteristics of the initiator [15] .
Protection from static electricity can be achieved only by effectively connecting the electrostatic groomer with the circuit and structure that requires an antistatic condition. Unlike the requirements of constant current grooming structures for solid-state protection, the electrostatic grooming structure does not require external control signals. Its special working principle guarantees that it can only groom abnormal voltage signals at both ends of the explosive device initiator, but has no effect on the normal driving energy of the pyrotechnic products.
II. THEORY AND DESIGN: DESIGN OF ELECTROSTATIC GROOMING STRUCTURE BASED ON THE SIZE EFFECT OF PASCHEN'S LAW
In the design development of electrodes for technological application at the microscale, nonmetallic electrode materials (i.e., doped polysilicon) exhibit a Paschen's curve in good agreement with the experimental results [17] . However, when the gap distance of metal electrodes is less than 10 µm, the experimental results are inconsistent with the classical Paschen's law. Therefore, research regarding the size effect and modification of Paschen's law are underway.
Air breakdown consists of the two main physical processes of Thomson discharge and field emission, where each process exerts a different dominance at different size scale ranges. Specifically, Thomson discharge dominates in the breakdown process with gaps greater than 7 µm, the two processes are comparable in a gap range of 4-7 µm, and field emission dominates with gaps less than 4 µm [18] . Field emission refers to the reduction and thinning of the surface energy barrier when the solid material surface is strengthened by an electric field. When the barrier thickness is reduced to the order of magnitude of the electron wavelength, a large number of electrons at the Fermi level are able to escape from the barrier. The field emission of electrons is actually quite complicated, so a precise physical analytical model has not yet been proposed. The complication exists mainly in the need to solve the Schrodinger equation of the electron potential energy function in the process of solving the electron emission current density. Therefore, the field emission theory of electrons is typically solved using the approximation method of field emission theory, where Fowler and Nordheim (FN) proposed the field emission theory of metal electrons [16] . Herein, the expression of the field emission current density of electrons, j FN , was simplified as
where A FN and B FN are constants and E is the electric field intensity. The conditions of simplification for Eq. (1) that ensure a universal and optimum approximation are that absolute zero is used as the boundary condition and the temperature of the electrode should not be higher than 1000K. Herein, the electrode temperature was less than 1000K, so this formula could be used as the basis of the calculation.
In this work, we conclude that the relation between the field emission current density and the applied electric field basically satisfies the requirement of j FN (0)∝exp(−l/E) because the first term in Eq. (1) (i.e., E 2 ) is dominated by the second term (i.e., exp(−1/E)).
For the discharge existing between parallel substrates at the microscale, the electric field produced by the space charge of a positive ion will be superposed with the external electric field when a charged positive ion hits the cathode. This will form a very strong local electric field that will enhance the field emission effect. Experiments have demonstrated that the electric field enhancement effect of positive ions can increase the current density of the field emission electrons. Referring to the definition of the secondary electron emission coefficient, the emission coefficient, γ fe , is obtained, such that
where D FN is the threshold field strength of the field emission. The equation can be simplified to read
where K is a function of E b and n. Further, the parameter D FN is a function of the material and surface state such that
where ϕ is the work function of the cathode material, and is a geometric enhancement factor for evaluating the degree on a surface. In addition to gas ionization and secondary-electron emission, the discharge process at the microscale also includes the field emission process caused by the ion-enhanced electric field effect near the cathode surface induced by ionized VOLUME 7, 2019 gas atoms. Therefore, the Thomson discharge formula needs to be modified such that
where γ see is the secondary electron emission coefficient.
Equations (4) and (5) can be merged to produce the relation
where p and V b are defined as pressure and breakdown voltage. Using Eq. (6), therefore, the breakdown voltage can be calculated for discharge gaps less than 10 µm, where the calculated parameter values are given in Table 1 . The results calculated by Eq.(6) using Al and Au as electrode materials are compared in Fig. 1 with the results of the traditional Paschen's law.
As can be seen in Fig. 1 , for discharge gaps larger than 5 µm the calculation results are consistent with the traditional Paschen's law. For gaps less than 5 µm, however, the calculation and the traditional Paschen's law diverge significantly.
It has been previously shown that γ see has a weak correlation with external energy and ion collision angle [16] . Thus, γ see is not a constant value and, at the macroscale, is affected by the gas pressure and the discharge gap distance.
The equations are considered as
For air and within two set ranges of p g , the values of k that satisfy the above relations are shown in Table 2 . For standard atmospheric pressure, the clearance value is in the range 0.01-10 µm and pg is in the range 0.01-1.0 µm. Thus, we can deduce that
Comparison of the theoretical calculation and the experimental results for nickel is shown in Fig. 2 [16] . According to Fig. 2 , the results of the modified secondary electron emission coefficient for a gap less than 2 µm and greater than 9 µm are in good agreement with the experimental results. Further, the deviation between the calculated and experimental results is not more than 15% between 2 and 9 µm. However, the uncorrected results show a completely different trend from the experimental results when the gap is greater than 10 µm, so the model presented in this paper is more general.
In this paper, the electrostatic grooming structure design can be dictated by Eq. (6) and (1) when γ see is variable. Different electrode materials have different field-induced electron emission capabilities under the same electrostatic field environment [15] , and thus herein Al and Au were used as electrode materials in the MEMS process. The gap and the predicted breakdown voltage can be calculated, as shown in Table 3 .
It can be seen from Table 3 and Fig. 3 that, for Al, a small gap correlates with a lower breakdown voltage and stronger abnormal charge accumulation. However, for actual processes it is necessary to expose the electrode material to air. Because Al is easily oxidized in an air environment, a significant increase in the work function will occur, which is not conducive to the grooming process. Gold, however, has high stability in an air environment and was therefore chosen herein as the electrode material. Based on the above parameters, the structure of the grooming electrode was designed to include a silicon dioxide substrate and a parallel plate electrode. The distance between the adjacent plates of the parallel electrode varied from 1 to 10 µm, where the optimum electrostatic conductivity structure was obtained by adjusting the comb gap and the VOLUME 7, 2019 electrode material. The design structure is shown in Fig. 4 and the structure dimensions of the grooming electrode are given in Table 4 .
III. MULTIPHYSICS FIELD-COUPLING SIMULATIONS OF ELECTROSTATIC GROOMING SOLID-STATE PROTECTION
The multi-physics field-coupling simulations of the electrostatic grooming solid-state protection was carried out using COMSOL multiphysics field simulation software. The simulations mainly calculated the field strength of the electrostatic grooming structure for various design parameters under various voltages and verified the theoretical calculation results. The simulations were based on the electric field intensity of varying electrode materials, electrode gaps and electrode voltages. The distribution of the electric field intensity between the comb structures for a gold electrode material, 1 µm discharge gap, and an electrode voltage ranging from 50 to 300 V is shown in Fig. 5 .
As shown in Fig. 5 , the tip effect causes the maximum electric field intensity to be concentrated near the tips of the electrostatic grooming solid-state protection comb, which is also the location of the initial electrostatic breakdown. The simulation results under different conditions are given in Table 5 .
It can be seen from Fig. 6 that the edge effect of the electrode and the effect of the electric field concentration at the structure tip are considered in the simulation process. The electric field intensity between the comb and the applied electrode voltage does not follow a strictly linear relationship, but the overall trend still satisfies a linear variation. A comparison of the results of simulations and calculations under the same breakdown electric field are gathered in Table 5 . Through data fitting, a comparison between the theoretical calculation and the simulation results of the breakdown voltage can be found, which is shown in Fig. 7 .
According to Fig. 7 , the breakdown trend is more obvious for discharge gap distances of 1-4 µm than for gap distances of 4-10 µm gap. Further, the breakdown voltage obtained via simulation was greater than that obtained via theoretical calculation, where the average deviation between the theoretical calculation and simulation is 12.87%, which satisfies the allowable range. According to the theoretical calculation and the simulation, the structure can be determined and the process mechanism can be understood. It can be seen from Table 5 that the deviation between the theoretical calculation results and the simulation results is less than 20%, which verifies the correctness of the theoretical calculation and simulation.
IV. FABRICATION PROCESS FOR THE ENERGY GROOMING STRUCTURE
Deep reactive ion etching (inductively coupled plasma (ICP) etching) of bulk silicon will inevitably reduce the surface smoothness of the device, thus creating structural inflection points in the etching region that will induce static electricity accumulation. A stable energy grooming function cannot be realized at the structure discharge tip, and therefore the electrostatic energy grooming design herein adopted a silicon-based surface technology. Because different electrode materials have different energy grooming capabilities under the same electrostatic environment, simulations of multiple physical fields were also carried out. The twelve steps of the process flow for the fabrication of the energy grooming structure used herein are as follows (Fig. 8): A. The Si(100) substrate was prepared; B. Silicon oxide 500 nm-thick was grown on the Si(100) substrate using thermal oxygen; VOLUME 7, 2019 L. Photoresist removal, cleaning, and energy grooming structure processing. Fig. 9 shows a field emission scanning electron microscope image of the energy grooming structure where it can be seen that the electrode material stripped by wet etching process roughens the edge of the electrode, creating small protrusions. These protrusions may lead to a local inhomogeneity of the electric field, which may result in an inconsistency between the breakdown voltages obtained experimentally and those calculated theoretically.
For ease of testing, the processed wafer was diced and a chip-on-board (COB) package was assembled on a single chip, as shown in Fig. 10 .
V. TESTING
The optical microscope image of the chip after COB assembly (Fig. 11) shows that the bonding line is a 50 µm highpower gold wire with a 10 mm-long fuse current over 1 A, which prevents a failure of the bonding line from impacting the grooming effect.
Each chip possessed two independent electrostatic hydrophobic structures, and the two grooming structures in the same chip had the same structure and size. It can be seen in Fig. 11 that the chip edge exhibits a certain degree of deformation and surface material shedding owing to dicing, but the functional area of the chip is complete and can adequately meet the needs of the test.
Herein, the fuse micro-electrostatic grooming solid-state protection test was based on a self-developed DC highvoltage generator, where the test system is schematically shown in Fig. 12 .
As shown in Fig. 12 , the testing was divided into the two components of charging and discharging. The charging circuit included a DC high-voltage generator, a 2200 µF charge resistor, an energy storage capacitor and a charging switch. The DC high-voltage generating device could generate a 310 V DC pulsed high voltage, while the charging resistor was used for current limiting so that the DC high-voltage generating device and the energy storage capacitor were prevented from being excessively burnt by the charging current. The discharging circuit included a 500 capacitor, a current-limiting resistor, a discharging switch and the electrostatic grooming solid state protection structure. A complete test consisted of two processes: charging and discharging. When charging, the discharging switch was opened and the charging switch was closed. The DC highvoltage generator charged the energy storage capacitor via the charging resistance, and the voltage at both ends of the energy storage capacitor could be measured by the voltmeter. During discharge, the charging switch was opened and the discharging switch was closed, whereupon the voltage at the two ends of the energy storage capacitor were connected to the two ends of the electrostatic grooming solid state insurance. In this configuration, the current limiting resistance prevented circuit burnout owing to excessive current at the moment of breakdown.
The breakdown process is greatly affected by the atmospheric pressure and temperature, and all experiments herein were carried out at room temperature (20 • C) and at atmospheric pressure (101.325 kPa). The breakdown voltages of gaps varying from 1 to 6 µm were measured by means of the lifting method. The experimental results show that the electrostatic grooming with certain gap distances will cause a breakdown of the air between the electrodes at a certain voltage, accompanied by obvious luminescence and sound. The experimental results are shown in Fig. 13 . From Fig. 13 , it can be seen that, even with the presence of current limiting in the discharge circuit, the breakdown process still induces a violent phase transition reaction in the electrode material, resulting in melting of the electrode. The electrodes exhibited both partial and complete melting, which is mainly owing to the fact that the comb gap in the same grooming structure is not completely consistent because of the device process. When the device process difference is large, the deviation between the gaps can reach 30%, which results in the uneven field strength among the comb structures. Using calculations, the reliable breakdown voltage for each discharge gap distance value is given in Table 6 . It can be seen from Table 6 that the theoretical calculations of the breakdown voltage for the various discharge gap distances are relatively close to those of the test results, where the deviation is larger for larger gaps and is smaller for smaller gaps. The main reason for the discrepancy is the poor clearance accuracy control in the process. The relative gap deviation is large for small gaps, so the actual gap used to measure the breakdown is not strictly 1 µm, but has a relative deviation of about 25%. As the gap distance increases, the absolute deviation of the gap process does not change and thus the relative deviation is reduced, so that the measured value is closer to the theoretical calculation value.
The above experiments verify the validity and accuracy of the theoretical calculation, and that the electrostatic conductivity solid-state protection has the ability of reliable electrostatic charge conduction.
The static voltage guidance of different threshold voltages can be realized by controlling the comb clearance (i.e., discharge gap). In this way the minimum effective guide voltage can be reduced to 130 V, which can significantly improve the safety of the electrostatics.
VI. CONCLUSION
Herein, a microscale breakdown model based on field emission and secondary electron emission coefficients is proposed. The model is in good agreement with the experimental results in the discharge gap distance range of less than 2 µm and more than 9 µm. In the discharge gap range of 2-9 µm, the deviation of the test results is less than 15%. The model has excellent adaptability in the global range. Based on the above model, the influence of various materials and the discharge gap on the hydrophobic effect is analyzed. Finally, gold is selected as the electrode material.
Subsequently, this paper carried out multiphysics field simulation analysis based on COMSOL. Under the same breakdown field strength, the deviation between the theoretical calculation and the simulation is not more than 20%, which verifies the accuracy of the simulation results.
Using these results, a 4-inch silicon wafer is used to process electrostatic conductive solid-state protection, and the chip is encapsulated and tested via COB. The breakdown voltage of a gold comb electrode with a gap varying from 1 to 6 µm is obtained using the lifting method. The deviation between the calculated results and the theoretical results is less than 25%, which verifies the correctness of the theory.
The experimental results show that the electrostatic hydrophobic solid-state protection based on the size effect of Paschen's law can effectively groom an electrostatic charge above 130 V. In other words, the static charge can be effectively released prior to an electrostatic excitation of the initiator, and the electrostatic resistance of the initiator can thus be improved.
